In most bacteria, in archaea and in plants, the general precursor of all tetrapyrroles, 5-aminolaevulinic acid, is formed by two enzymes. T h e initial substrate, glutamyl-tRNA, is reduced by NADPH-dependent glutamyl-tRNA reductase to form glutamate 1 -semialdehyde. T h e aldehyde is subsequently transaminated by glutamate-1 -semialdehyde 2,l -aminomutase to yield 5-aminolaevulinic acid. T h e enzymic mechanism and the solved crystal structure of Methanopyrrus kandleri glutamyl-tRNA reductase are described. A pathway for metabolic channelling of the reactive aldehyde between glutamyl-tRNA reductase and the aminomutase is proposed.
Introduction
Tetrapyrroles, like haems, chlorophylls, vitamin B,, and coenzyme F,,,, are essential factors in the metabolism of almost all living organisms. T h e common precursor molecule of all tetrapyrroles, 5-aminolaevulinic acid (ALA), is synthesized through two different biosynthetic routes. Mammals, fungi and the a-group of the proteobacteria 579 use the condensation of succinyl-CoA and glycine, catalysed by ALA synthase [ 1-41. T h e C, pathway (Scheme l), found in most bacteria, archaea and plants, starts from the C, skeleton of glutamate [5, 6] and involves two enzymes. T h e initial step is the reduction of glutamyl-tRNA to glutamate 1-semialdehyde (GSA), catalysed by NADPHdependent glutamyl-tRNA reductase (GluTR) [6-111. In the subsequent reaction, pyridoxal/ pyridoxamine 5'-phosphate-dependent glutamate-1 -semialdehyde 2,l -aminomutase (GSAM) transaminates GSA to form ALA [12-151. Earlier investigations of various bacterial and plant GluTRs resulted in controversial observations concerning cofactor requirements, relative molecular masses and potential catalytic mechanisms. We employed a combined biochemical and structural approach using recombinantly produced GluTR from the extreme thermophilic archaeon Methanopyrus kandleri to determine the catalytic mechanism and its structural basis [16, 17] . Here we describe the main functional and structural features of the enzyme.
Materials and methods

Biochemical characterization
Recombinant M . kandleri GluTR was produced in Escherichia coli by overexpression of cloned M . kandleri hemA. T o exchange amino acid residues of M . kandleri GluTR, the Quick-changeTM kit (Stratagene, Heidelberg, Germany) was used according to the supplier's instructions. proteins were purified in three steps utilizing affinity chromatography (Red Sepharose CL-6B), anion-exchange chromatrography (MonoQ HR 10/10) and gel filtration (HiLoad Superdex 200 HR 26/60, preparative grade), followed by concentration using ultrafiltration. A novel substrate depletion assay for testing GluTR activity was established [16] . T h e assay originates from the frequently used aminoacyl-tRNA synthetase assay, in which the product aminoacyl-tRNA is recovered after the reaction by acid precipitation [18] . Due to the principle of substrate detection, product formation was always verified using HPLC analysis.
Protein modification experiments were performed using iodoacetamide and 5,5'-dithiobis-(2-nitrobenzoic acid). Spectroscopic features were obtained by using absorption and fluorescence spectroscopy. The GluTR inhibitor glutamycin
3'-deoxy-~,~-ribofuranosyl]purine}, a glutamate analogue of the antibiotic compound puromycin, was synthesized using a two-step method from puromycin aminonucleoside (3'-amino-3'deoxyw,NG-dimethyladenosine), as described in detail previously [ 
161.
Crystallization and structure determination Crystallization and structure determination of M . kandleri GluTR has been described previously [17] . T h e enzyme was crystallized in the presence of glutamycin and NADPH. T h e structure was solved by the multiple isomorphous replacement (' MIR ') method using three heavy atom derivatives. T h e structure was subsequently refined at a resolution of 1.95 A [17] .
Results and discussion
Biochemical characterization of M. kandleri GluTR The hemA gene encoding GluTR from the extremely thermophilic archaeon M . kandleri was overexpressed in E. coli and the recombinant enzyme was purified to homogeneity. A specific activity of 0.75 nmol . h-' . mg-' at 56 "C was measured using E. coli glutamyl-tRNA as substrate in a newly established enzyme assay. T h e temperature optimum for catalysis by M . kandleri GluTR was found to be 90°C. No significant stimulation of M . kandleri GluTR activity by high salt concentrations was observed. However, the enzyme clearly tolerated the high-ionic-strength conditions. GluTR stability at high temperatures was found to be salt-independent. Intensive spectroscopic and biochemical analysis demonstrated that none of a haem cofactor, flavins or metal ions are required for GluTR-mediated catalysis. Several commercially available NADPH analogues were tested for their reduction and inhibition capacities. NADH did not sustain or inhibit M .
kandleri GluTR activity. Removal of the adeninering-localized amino group (nicotinamide hypoxanthine dinucleotide phosphate, reduced form) converted the cofactor into an inhibitor. Cofactor utilization b y the enzyme was completely abolished by the removal of the adenosine phosphate part (P-NMN, reduced form). Flexibility for the osine ribose between the 2' (NADPH) and 3' (3'-NADPH) positions was observed. However, the experiments using NADH demonstrated an absolute requirement for the presence of the 2'-phosphoryl group. Therefore all the major determinants of NADPH are required for efficient recognition and utilization by GluTR.
The GluTR inhibitor glutamycin
In view of the labile nature of the ester bond between the 3' end of tRNA"'" and glutamate, a stable substrate analogue representing the final adenosine residue of the tRNA coupled via a stable amide bond to glutamate was synthesized from the structurally related puromycin aminonucleoside, and named glutamycin (Scheme 1 b). M . kandleri
GluTR activity was competitively inhibited by glutamycin. From these results, a mechanism for GluTRmediated catalysis was deduced in which the highly reactive thiol group of Cys-48 acts as a nucleophile attacking the a-carbonyl group of tRNA-bound glutamate. An enzyme-localized thioester intermediate is formed, with the concomitant release of tRNAG'". Direct hydride transfer from NADPH to enzyme-bound glutamate leads to GSA formation. In the absence of NADPH, the esterase activity of GluTR hydrolyses the highly reactive thioester, with the release of glutamate.
Crystal structure of M. kandleri GluTR T h e high-resolution crystal structure of M . kandleri GluTR revealed an unusual extended V-shaped dimer [17] (Figure l ) furthermore recognizes specifically the a-amino group, and less specifically the ribose moiety, of the inhibitor.
T h e structure of the enzyme-inhibitor complex supports the proposed catalytic mechanism (Figure 2 ). Cys-48 nucleophilically attacks the activated a-carboxylate of glutamyl-tRNA, leading to a covalent thioacyl intermediate and release of tRNAG'". T o obtain crystals of GluTR, Cys-48, which was particularly sensitive to oxidation, had to be substituted by serine, resulting in a completely inactive enzyme [17]. In this structure the hydroxy group of Ser-48 is in close proximity to the a-carbonyl carbon atom of glutamycin. In a second step the thioacyl intermediate is reduced to the product GSA by hydride transfer from NADPH. In the present GluTR structure, however, the canonical NADPH-binding site (in domain 11) is not occupied due to a compression of the diphosphate recognition pocket. Structurally related NAD(P)H-binding domains nevertheless allow a theoretical position for NADPH to be inferred. T h e resulting distance between the nicotinamide moiety and the glutamate-binding pocket of 21 A indicates that domain I1 is required to tilt substantially relative to the remaining structure to close the active site and position NADPH for substrate reduction. Possibly this tipping of domain I1 induces the NADPH-binding pocket to open, and may occur in concert with glutamyltRNA binding. T h e observed open structure of GluTR may therefore be described as a 'preactive' state.
Metabolic channelling from GluTR to GSAM
tRNA-dependent ALA formation in plants and most bacteria requires the concerted action of both GluTR and GSAM, which are metabolically linked by the aldehyde GSA (Scheme 1). Because of the high chemical reactivity of GSA in the cellular medium, a direct transfer of the aldehyde from GluTR to GSAM to ensure the efficient formation of ALA seems plausible. T h e unusual shape of the GluTR dimer suggests an attractive solution to this metabolic problem. Placing GluTR alongside the similarly dimeric structure of GSAM from Synechococcus sp. [26] immediately suggests that GSAM can easily be accommodated in the open space delimited by the GluTR monomers, leading to a model complex with a striking degree of surface complementarity between the two enzymes. Furthermore, both tRNA"'" molecules and GSAM could be docked independently on to GluTR, each in a single plausible position [17]. Although docked separately, the model of the ternary complex of GluTR, tRNA"'" and GSAM does not lead to steric clashes between GSAM and tRNA"". T h e most striking result of the proposed GluTR-tRNA"'"-GSAM complex is that the putative active-site entrance of each GSAM monomer [26] is positioned opposite a partly opened depression in domain I of GluTR.
This depression and the glutamate recognition pocket are merely separated by Arg-50 and guarded by the conserved His-84. T h e proposed complex may thus indicate that the GluTR product GSA leaves the enzyme via this ' back door' of the glutamate recognition pocket, and is channelled directly to the active site of GSAM, a distance of approx. 26 A, without being exposed to the aqueous environment.
Introduction
5-Aminolaevulinic acid dehydratase (porphobilinogen synthase; EC 4.2.1.24) catalyses the dimerization of two molecules of S-aminolaevulinic acid to give porphobilinogen in a Knorr-type pyrrole synthesis (Scheme 1). Porphobilinogen is the pyrrole precursor utilized by all living systems for the biosynthesis of tetrapyrroles, including haems, chlorophylls and corrins [ 11.5-Aminolaevulinic acid dehydratases have been isolated from a number of sources, and their Key words: porphobilinogen synthase, tetrapyrroles, X-ray crystallography. 'To whom correspondence should be addressed (e-rnail prnsj@soton.ac.uk).
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properties extensively characterized. Two features unify the enzymes; namely, they all utilize covalent catalysis forming a Schiff base with the substrate during catalysis, and most, if not all, appear to be metalloenzymes, requiring a bivalent metal ion for activity. T h e genes/cDNAs specifying a number of 5-aminolaevulinic acid dehydratases have been isolated and sequenced and, from a comparison of the derived amino acid sequences [2] , it is clear that their structure is highly conserved throughout the biosphere.
T h e X-ray structures of eukaryote (yeast) [3] and prokaryote (Escherichia coli) [4] dehydratases have been determined in our laboratories, confirming the high degree of conservation of the enzyme structure suggested from the amino acid sequences. Thus both enzymes exist as homooctamers with D, symmetry, made up from four pairs of subunits. T h e protein fold of each subunit is in the form of a classical (a/P),-barrel, with the active site located in its hydrophobic centre. Two substrate-binding sites, termed the P-site and the A-site, are evident from the X-ray structures. The ' P-site ' binds the 5-aminolaevulinic acid substrate molecule that gives rise to the propionic-acidside-chain side of porphobilinogen, and the 'Asite ' recognizes the S-aminolaevulinic acid molecule that forms the side of porphobilinogen carrying the acetic-acid side chain (Scheme 1). In the E . coli enzyme, the P-site is distinguished by the presence of lysine-247, which forms a Schiff base with the P-site substrate. Serine-273 and tyrosine-3 12 recognize the carboxyl group of the substrate, and phenylalanine-204 forms hydrophobic interactions with the two methylene groups. T h e A-site is characterized by three cysteine residues, at positions 120, 122 and 130, which form ligands for the zinc ion. T h e carboxyl group of the A-site substrate is bound by two arginine residues at positions 205 and 216. In addition to these invariant residues, lysine-195, phenylalanine-204, aspartate-1 18 and serine-165 are located in prominent positions within the A-
